A dual-mesh reconstruction method with a depth correction for near-infrared diffused wave imaging with ultrasound localization is demonstrated by use of phantoms and clinical cancer cases. Column normalization is applied to the weight matrix obtained from the Born approximation to correct the depthdependent problem in the reconstructed absorption maps as well as in the total hemoglobin concentration maps. With the depth correction, more uniform absorption maps for target layers at different depths are obtained from the phantoms, and the correlation between the reconstructed hemoglobin concentration maps of deeply located, large cancers and the histological microvessel density counts are dramatically improved.
Introduction
Optical tomography that uses near-infrared ͑NIR͒ diffusive light has huge potential for providing functional parameters for distinguishing between benign and malignant processes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] However, the intensive light scattering in soft tissues makes it very difficult to obtain accurate optical property maps with an acceptable spatial resolution. Recently, a combination of NIR imaging with other imaging modalities, such as ultrasound or magnetic resonance imaging ͑MRI͒, has shown promising results [11] [12] [13] [14] [15] [16] in providing complementary contrasts and in overcoming NIR reconstruction problems. In these methods the NIR and the ultrasound or MRI probes have been deployed such that both modalities view the same tissue volume. As a result, the a priori lesion information, including tissue type, lesion location, and shape provided by coregistered ultrasound or MRI, can guide the NIR image reconstruction to localized target regions.
However, perturbations of optical properties in nontarget regions could prevent the accurate reconstruction of the optical properties in target regions. Recently, we developed a novel dual-mesh method, which divides the entire imaging volume into target regions and nontarget regions based on the coregistered ultrasound images. The image reconstruction is performed by use of fine voxels for target regions and coarse voxels for nontarget regions. As a result, the total number of voxels with unknown optical properties is significantly reduced and the inversion is well defined. By using the dual-mesh method, we have obtained encouraging results from tissue biopsies taken from a group of patients. [17] [18] [19] However, for deeply located, highly absorbing large tumors, we have found that the reconstructed absorption values and the resulting total hemoglobin concentration are highly dependent on depth ͑layer͒. 19 In other words, the reconstructed absorption coefficients of the top layer are higher than those of deeper layers. This depth-dependent reconstruction is related to the weight matrix used for image reconstruction. In our current study [17] [18] [19] [20] a handheld probe was used to obtain NIR measurements in the reflection geometry, and the semiinfinite boundary condition was used to compute the weight matrix. The Born approximation was used to relate the unknown optical properties of the medium to the measurements, and an inversion was performed with the conjugate gradient itera-tive searching method. According to Ref. 21 , the resulting weights for the semi-infinite geometry can roughly be described by the so-called "banana function." The banana function causes the reconstructed optical properties 20 to be highly depth dependent owing to the tendency of the iterative searching method to converge along the steepest direction, i.e., the largest weight direction. As a result, even for a homogeneous target, the reconstructed absorption coefficients of the top target layers, which normally have larger weights, are higher than those of the bottom target layers, which normally have smaller weights. Therefore it is essential to scale the weight matrix according to depth before the iterative searching method is applied. In this paper we introduce a simple column normalization scheme, which can dramatically alleviate the depth-dependent problem.
Dual-Mesh Method with Depth Correction
The details of our dual-mesh imaging reconstruction algorithm are described in Ref. 17 . Briefly, the total imaging volume is segmented into two regions, L and B, where lesion region L contains the heterogeneity measured from coregistered ultrasound images and nonlesion region B is the background. Then the target and background regions are discretized with different voxel sizes, resulting in a fine grid in the lesion region and a coarse grid in the nonlesion region. In the dual-mesh method we consider the absorption changes in the medium with the assumption that the scattering heterogeneities make a negligible contribution to the measurement. Similar procedures can be applied to reconstruct scattering coefficients. 20 From the Born approximation, the scattered field can be approximated as
where 
where
respectively. Instead of reconstructing the ⌬ a distribution, we reconstruct the total absorption distribution M and then divide it by different voxel sizes of the target and the background region to obtain the ⌬ a distribution. In general, the target region is more absorbing than the background is, and the total absorption distribution M, which is approximately the product of ⌬ a times voxel size, is well scaled between the lesion region and the nonlesion region for the inversion. In the reported studies, we have used a fine grid of 0.5 cm ϫ 0.5 cm ϫ 0.5 cm in the target region and a coarse grid of 1.5 cm ϫ 1.5 cm ϫ 1.0 cm in the background region. As a result, the weight matrix ͓W͔ ϭ ͓W L , W B ͔ expands to several discrete layers in depth, and the weight matrix W L of larger tumors also expands to two or three layers. However, the resulting weight matrix is not well scaled in depth. If the lesion region expands to two or three layers for larger tumors, the weights of the voxels at the top target layer are normally 1-2 times larger than those at the neighboring bottom target layer. To alleviate the depth-dependent problem, we compute a diagonal matrix G to rescale the weight matrix in different layers. For convenience, the weight matrix W L,B is arranged such that small voxels from the target region are followed by big voxels from the background region, and in each region voxels are grouped layer by layer from top to bottom. As a result, we have p 1 target layers and p 2 background layers. To form the diagonal matrix G, the mean absolute values of the columns of the weight matrix W L,B are calculated and grouped into a vector F as
Then the maximum mean absolute values are obtained for each layer, and the ratios between the maximum mean absolute values of the layer pЈ and that of the reference layer p 0 are used to form the diagonal matrix G:
where pЈ is the layer number starting from the top and p 0 is a reference layer number, which is chosen as the bottom target layer in our computation. The rescaled weight matrix used for reconstruction can be rewritten as
where ͓WЈ͔ ϭ ͓W L , W B ͔͓G͔ Ϫ1 is the rescaled weight matrix and ͓MЈ͔ T ϭ ͓G͔͓M L , M B ͔ T is the rescaled total absorption distribution. The conjugate gradient method is used to minimize the object function, and the iterative search quickly converges in two or three iterations. No regularization scheme is used in the inversion. The resulting solution ͓MЈ͔ is divided by matrix G to obtain the total absorption distribution M. Because the new weight matrix is more uniform across the target layers, the iterative search procedure is less sensitive to the banana function in the target region.
Experimental Methods
The details of our NIR imaging system have been documented in Ref. 14. Briefly, it consists of 12 pairs of dual-wavelength sources ͑780 and 830 nm͒ and 8 detectors. The light sources are laser diodes with amplitude modulated at 140 MHz, and the detectors are photon multiplier tubes ͑PMTs͒. The sources and detectors are coupled to the combined probe through optical fibers. Shown in Fig. 1 is a schematic diagram of the combined probe, a circular plate with smaller circles representing optical source fiber positions and bigger circles denoting detector fiber positions. The rectangular hole in the middle houses the ultrasound transducer, which images the volume underneath. This one-dimensional ultrasound scanner can provide a y-z view of the targets ͑called a B-scan͒, where y is the lateral dimension and z is the propagation dimension. In the phantom experiments, the probe was mechanically translated in the x direction to acquire three-dimensional ͑3D͒ volumetric image data. Windowing the 3D data in the z direction at a particular depth provides the two-dimensional ͑2D͒ target spatial images in the x-y plane ͑called the C-scan͒. C-scans are coregistered with NIR images. 22 The probe is made of a black plastic plate and is designed to be handheld. For each source-detector pair, both the amplitude and the phase of the scattered wave at the detector are measured and are used to reconstruct the absorption coefficients of the targets. Therefore both matrices ͓U sd ͔ Mϫ1 and ͓W L , W B ͔ MϫN in Eq. ͑2͒ are complex numbers.
To evaluate our modified dual-mesh reconstruction method, we performed a series of phantom studies. A 0.6% Intralipid solution was used as the homogeneous background. The calibrated a and s Ј are 0.0285 and 5.88 cm
Ϫ1
, respectively, at 780 nm. Gel absorbers were suspended inside the Intralipid solution as targets. 23 Six targets with different absorption contrasts and different sizes were chosen. Among these six targets, three were cubic, which were 1 cm 3 in size, and the other three were ellipsoidal, which were approximately 4 cm ϫ 4 cm ϫ 2 cm. The diffusion coefficients of all absorbers were the same as that of the background. Because the reconstruction performances at 780 and 830 nm are similar, we only report the experimental results at the 780-nm wavelength for the phantom studies.
Clinical studies were performed at the University of Connecticut Health Center ͑UCHC͒. The UCHC Institutional Review Board committee approved the human subject protocol. Patients with palpable and nonpalpable masses that were visible on clinical ultrasounds and who were scheduled for biopsies were enrolled as research subjects. Two cases of deeply located, advanced cancers were used to demonstrate the improvement in the reconstructed absorption maps as well as in the total hemoglobin concentration maps.
Experimental Results

A. Phantom Results
The reconstructed results of a small target without and with the depth correction are compared in Fig. 2 . The target is a cube approximately 1 cm in size. The expected absorption coefficient is 0.052 cm Ϫ1 above the background 0.0285 cm Ϫ1 ͑see Table 1 , target 1͒. Figure 2͑a͒ is a B-scan ultrasound image obtained simultaneously with NIR measurements, and the estimated target depth from the B-scan is ϳ2.0 cm. The ultrasound C-scan image was obtained by mechanical translation of the transducer in the x direction. The resulting C-scan ultrasound images show that the estimated target size is 1.1 cm ϫ 1.1 cm ϫ 1 cm and that its center location is at approximately ͑0, . Figure 3 shows the reconstructed results of an ellipsoidal target located at ͑0, 0, 2.5 cm͒. The target is homogeneous, and its absorption coefficient is approximately 0.22 cm Ϫ1 over the background 0.0285 cm
Ϫ1
. From the resulting C-scan ultrasound images, the estimated target size is 4.2 cm ϫ 4.2 cm ϫ 2 cm, and the depth of the target center is ϳ2.5 cm. Figure 3͑a͒ shows the reconstructed absorption maps without the depth correction. The mean reconstructed values of the four target layers are 0.203, 0.13, 0.085, and 0.062 cm Ϫ1 ͑from top to bottom; see Table 2 , target 3͒, respectively, and the mean reconstructed value in the entire target region is 0.116 cm
, which is ϳ47% of the expected value of 0.2485 cm
. Figure 3͑b͒ shows the reconstructed absorp- tion maps with the depth correction, and the reconstructed image uniformity is dramatically improved. The mean reconstructed values of the four target layers are 0.157, 0.144, 0.169, and 0.235 cm Ϫ1 ͑from top to bottom͒, respectively, and the mean reconstructed value in the whole target region is 0.169 cm
, which is approximately 68% of the expected value. The mean reconstructed value within the target's full width at half-maximum region is 0.206 cm
, which is approximately 83% of the expected value. Tables 1 and 2 summarize the experimental results of the six absorbers, three of which are 1-cm cubes and the rest are ellipsoids. Table 1 shows the comparison of the reconstructed results from three small phantoms without and with the depth correction. For targets located at approximately a 2-cm depth in the Intralipid, the improvement is obvious. Without the correction, the mean value of the top target layer can reach 88%-102% of the expected value, but the mean value of the bottom target layer is approximately 50% of the expected value. With the depth correction, both the mean value of the bottom target layers and the uniformity of the distribution improve dramatically. A comparison of the result without and with the correction shows that the difference between the mean values of the top target layer and the bottom target layer is reduced from approximately 50% to 12.2% of the expected value. For target 3 the difference between the reconstructed values obtained without the correction and those obtained with the correction is negligible due to the layer insensitivity of the banana function at that target depth. Table 2 shows the comparison of the reconstructed results from three big phantoms without and with the depth correction. All three targets are located approximately 2.5 cm within the Intralipid solution. Without the depth correction, the mean values in the target region decrease quickly from the top layer to the bottom layer. Although the mean value of the top layer is approximately 80%-95% of the expected value, the mean value of the bottom layer reaches only 20%-35% of the expected value. With the depth correction, the mean values of the four target layers are quite uniform. Even for the highest absorber, target 6, the biggest difference between the mean reconstructed values of different layers in the target region is less than 35% of the expected value.
B. Results from Two Advanced Cancers
In Ref. 19 we reported what we believe to be the first heterogeneous hemoglobin distributions of large cancers imaged by optical tomography and also showed that the hemoglobin distributions correlate, to a large extent, with histological microvessel density counts. However, for two deeply located, highly absorbing tumors, we found that the relatively high microvessel counts obtained from posterior samples do not correlate well with the low optical absorption distribution observed in deeper slices during optical imaging. Here we show that the modified dual-mesh method dramatically improves the correlation between the Mean values obtained within the entire target region. The mean is calculated by averaging the reconstructed values of the voxels within the entire target region. Fig. 4 . ͑ID 23P7͒. ͑a͒ Ultrasound image of a 33-year-old woman with a highly suspicious breast lesion located at the twelve o'clock position and measuring 3 cm ϫ 3 cm ϫ 1.5 cm. The ultrasound shows the discrete nodularity of the lesion. ͑b͒ Optical absorption map ͑780 nm͒ obtained from the dual-mesh scheme without the depth correction. ͑c͒ Optical absorption map ͑780 nm͒ obtained from the modified dual-mesh scheme with the depth correction. ͑d͒ Optical absorption map ͑830 nm͒ obtained from the dual-mesh scheme without the depth correction. ͑e͒ Optical absorption map ͑830 nm͒ obtained from the modified dual-mesh scheme. ͑f ͒ Total hemoglobin concentration of the lesion obtained from the dualmesh scheme without the depth correction. ͑g͒ Total hemoglobin concentration of the lesion obtained from the modified dual-mesh scheme. The total imaging volume is 8 cm ϫ 8 cm ϫ 3.5 cm. Slice 1 is the spatial x-y image of 8 cm ϫ 8 cm obtained at 0.5 cm beneath the skin. Slice 7 is 3.5 cm beneath the skin, toward the chest wall, and the spacing between slices is 0.5 cm. The unit for the absorption coefficient is cm
Ϫ1
, and the unit for the total hemoglobin concentration is mol͞liter.
hemoglobin distributions and the histological microvessel density counts for these two cancer cases.
The first example is a 33-year-old pregnant woman with a palpable 3 cm ϫ 3 cm ϫ 1.5 cm lump located at the twelve o'clock position on her left breast. The ultrasound image showed that the lesion had discrete nodularity ͓see Fig. 4͑a͔͒ . The center of the lump was ϳ2.5 cm beneath the skin surface. An ultrasoundguided core biopsy revealed that the lesion was both in situ and an invasive ductal carcinoma, as observed on multiple cores ͑histologic grade 3, nuclear grade 3͒. Optical absorption maps, as well as the total hemoglobin concentration distribution, were obtained without and with the depth correction. Figures 4͑b͒ and 4͑d͒ are the resulting optical absorption maps at 780 and 830 nm, respectively, obtained by the dual-mesh Slice 7 is at a 3.5-cm depth, toward the chest wall, and the spacing between slices is 0.5 cm. Obviously, the uniformity of the absorption and the total hemoglobin distribution was improved with the depth correction. For quantitative comparison, the measured average absorption coefficients within 6 dB of the maximum value at two wavelengths, 780 and 830 nm, and the average total hemoglobin concentration within 6 dB of the maximum value were calculated for each target layer ͑see Table 3 , ID number 23͒. For the absorption coefficient maps at 780 nm ͓Figs. 4͑b͒ and 4͑c͔͒, the average values for three target layers were increased from 0.107, 0.022, and 0.0119 cm Ϫ1 to 0.149, 0.0296, and 0.0135 cm
, respectively. For the absorption coefficient maps at 830 nm ͓Figs. 4͑d͒ and 4͑e͔͒, the average values for three target layers were increased from 0.247, 0.086, and 0.037 cm Ϫ1 to 0.234, 0.26, and 0.23 cm
, respectively. As a result, the average total hemoglobin concentrations for three target layers were increased from 93.3, 33, and 18.4 mol͞l to 97, 77.4, and 61.7 mol͞l, respectively. As reported in Ref. 19 , the total histological microvessel counts were 60 ͑an-terior͞lateral͒, 88 ͑anterior͞medial͒, and 152 ͑posteri-or͒, respectively, over 10 consecutive fields. The counts obtained from the anterior and the lateral samples correlated with the optical absorption and the total hemoglobin concentration shown in slice 3 of Figs. 4͑b͒, 4͑d͒, and 4͑f ͒. However, the high total counts obtained from a posterior sample did not correlate well with the low total hemoglobin distribution shown in slices 4 and 5 of Fig. 4͑f ͒, which was computed with the dual-mesh method. With the depth correction, the correlation of the high total counts with the hemoglobin concentration seen in the deeper slices 4 and 5 of Fig. 4͑g͒ was dramatically improved.
The other example was obtained from a 53-year-old women with a palpable mass, but a normal mammogram. An ultrasound revealed an irregularly shaped lesion of 2 cm ϫ 2 cm ϫ 1.3 cm, and an ultrasound-guided surgical biopsy confirmed it to be an invasive and in situ ductal carcinoma ͑histological grade 2, nuclear grade 2͒. The lesion center was ϳ2.4 cm in depth relative to the skin. As in the previous case, the optical absorption maps, as well as the total hemoglobin concentration distribution, were obtained without and with the depth correction, and the measured average values within 6 dB of the maximum value for each target layer were calculated ͑Table 3, ID number 21͒. With the depth correction, the average total hemoglobin concentrations for three target layers were improved from 103.7, 44.8, and 33 mol͞l to 99.6, 106.3, and 80.6 mol͞l, respectively. The improved light absorption and hemoglobin concentration correlate well with the total number of microvessels, which were 83 ͑anterior͒, 121 ͑posteri-or͞lateral͒, and 124 ͑posterior͒, respectively, over 10 consecutive fields, as reported in Ref. 19 . Table 3 summarizes the results of the two deeply located, large cancer cases. Similar to the phantom experimental results shown in Subsection 4.A, the reconstructed results from the modified dual-mesh method are less depth dependent. Dramatic improvement was obtained for the values at the bottom layers, with a small change in the reconstructed values at the first target layer. With the depth correction, both cases show improved correlation between the reconstructed total hemoglobin distributions and the histological microvessel density counts.
Discussion and Summary
The experiment results presented in Section 4 have shown that the modified dual-mesh algorithm with the depth correction alleviates the depth-dependent problem, which is related largely to the varying sensitivity with depth in a reflection geometry. 21 However, as we see from Tables 1 and 2 , the reconstructed mean value in the target region can reach only 68%-75% of the expected value for large phantom targets, which have a a higher than 0.17 cm
Ϫ1
. For large absorbers with a a higher than 0.17 cm Ϫ1 , the reconstructed a may be underestimated due to linear suppression. 25 In the reported two large cancer cases, the reconstructed a values are higher than 0.17 cm
, which might be beyond the linear range. Fortunately, the tumor sizes are not as large as those of the bigger phantoms; therefore, the accuracy of the reconstructed absorption coefficients should be better than 68%-75%. Nonlinear forward models, such as the finite-element method, may avoid this problem by updating the weight matrix with the trade-off of increased computation time. We are currently pursuing investigations along these lines.
In conclusion, the dual-mesh algorithm with a depth correction can significantly improve the reconstructed absorption distributions in deeper-target layers. The experimental results of phantoms have shown that the reconstructed absorption maps are more uniform for phantom targets. The clinical results of two deeply located, large cancers have shown improved correlation between the reconstructed total hemoglobin concentrations and the histological microvessel density counts.
